Summary Electron spin resonance (ESR) spectroscopy has been widely applied in the research of biological free radicals for quantitative and qualitative analyses of reactive oxygen species (ROS) and reactive nitrogen species (RNS). The ESR spin-trapping method was developed in the early 1970s and enabled the analysis of short-lived free radicals. This method is now widely used as one of the most powerful tools for free radical studies. In this report, some of the studies that applied ESR for the measurement of ROS and RNS during oxidative stress are discussed.
Introduction
Aerobic organisms consume a large amount of oxygen to maintain cellular processes. As a result, reactive oxygen species (ROS) and reactive nitrogen species (RNS) are generated from oxygen (O2) utilization. These molecules are assumed to play a role as biological mediators for homeostasis. In turn, homeostasis is maintained by the activity of enzymes such as superoxide dismutase (SOD), catalase, glutathione reductase and glutathione oxidase, all of which control the generation of ROS and RNS in vivo. However, ROS and RNS may cause tissue damage, leading to myocardial infarction and cerebral infarction, for example, and play a pivotal role in preventing microbial infection.
Therefore, ROS and RNS have been the focus for many lifescience researchers [1] [2] [3] [4] [5] . The most common ROS include superoxide anion (O2
•− ), hydrogen peroxide (H2O2), hydroxyl radical (HO • ) and singlet oxygen ( 1 O2), all of which are more reactive than O2. Of these, H2O2 is a comparatively stable molecule and is a key substrate for enzymes such as P450 peroxidase, and plays a role in O2 storage. By contrast, unlike O2
•− , H2O2 and HO
• , the characteristics of 1 O2 are not well known because of its high reactivity and the lack of techniques to stabilize this molecule. The most common RNS are nitrogen monoxide (NO), nitrogen dioxide (NO2) and nitrogen oxide (N2O4). The term "free radical" is often confused with ROS and RNS. Free radicals are atoms or molecules containing an unpaired electron, such as O2, O2 However, because ROS generated in the living body cannot be qualitatively analyzed, the outcomes of many studies have resulted in a deduction or an assumption rather than definitive evidence. Therefore, qualitative and quantitative analytical methods are needed to assess the generation of ROS and RNS in vivo, and we need to elucidate the biological effects of ROS and RNS. Spectroscopic instruments that detect fluorescence, phosphorescence and chemiluminescence have been used for the analysis of ROS and RNS. However, a question arises if these analytical methods also measure nonspecific coloring or radiation. For example, it is difficult to directly measure ROS generated by the electron transport system in mitochondria, the NADPH oxidation enzyme system in leukocytes, the xanthine oxidation enzyme system in the cytoplasm, and the p450 oxidation enzyme system in liver tissue. Superoxide dismutase (SOD) is one of the most widely used enzymes to analyze ROS generation. SOD, which is expressed in the liver, brain and heart tissues, is related to the maximum life span potential and anti-inflammatory pathways. Another widely used molecule is NO, which is a key mediator for relaxation of vascular smooth muscle, and is generated by two enzymes, inducible nitric oxide synthase (i-NOS) and constitutive nitric oxide synthase (c-NOS). A number of methods are available to measure NO, including the Griess method, the electrode method, the chemical luminescence method, and the ozone chemical luminescence method. However, poor selectivity, accuracy and methodology have been reported to be limitations of these methods to measure RNS. In contrast, the ESR technique coupled with the spinoxidation method, in which 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl 3-oxide (carboxyl-PTIO) is used to measure NO, was first proposed by Akaike in 1993 [6] . This method offers greater accuracy than the earlier methods to measure NO.
Development of ESR Methods
The ESR phenomenon was first discovered in 1945, and ESR-based methods have since become widely used because the process can detect free radicals without interference from the sample properties, including its phase (solid, liquid or gas). Therefore, if the ESR spectrum can be observed using an ESR instrument, we can identify the free radical present in a sample. Since free radicals contain an unpaired electron, they are very reactive and generally unstable at room temperature.
The ESR spin-trapping method is a well known, useful tool to detect short-lived radicals such as ROS and RNS. A five-membered ring nitron derivative, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), is widely considered to be the most useful and powerful spin-trapping reagent.
The spin-trapping method was originally proposed by Janzen et al. and several other researchers in the late 1960s [7] [8] [9] [10] . The spin label method was reported by Ohnishi et al. in 1965 [11] , and the reagents for spin labeling are used for ESR imaging. Fundamentally, spin-trapping reagents react with short-lived radicals, which are subsequently changed to long-lived radicals called spin-adducts. By observing the ESR spectra of spin-adducts, the ESR characteristics can be obtained, including the g-value, hyperfine coupling constant (hfcc) and spin concentration.
As shown in Fig. 2 , two types of spin-trapping compounds, nitrone and nitroso compounds, can react with free radicals (R • ) and produce a stable amino oxide radical. Thus, two types of reagents have been used for the spintrapping method. On the other hand, the spin-labeling method can be used to measure the dynamic characteristics of molecules combined with unsaturated fatty acids, phospholipids or cholesterol, and this method has been applied for ESR imaging.
A spectrum is analyzed in terms of its hfcc and g-values. The g-value is determined from the resonance magnetic field and the resonance frequency observed as ESR signals. On the other hand, hfcc represents the splitting of an ESR spectrum, and is determined by analyzing the splitting of the spectrum of spin adduct [12] . The concentration of a free radical is obtained as the double integrals of the ESR spectrum of a spin adduct (i.e., the area of the spectrum). As described above, the ESR spin-trapping method now allows us to qualitatively and quantitatively analyze ROS and RNS.
Application of ESR to Measure Oxygen Free Radicals
The nitrone compound used for ESR spin-trapping can be used to detect (and measure) oxygen free radicals such as O2
•− and HO • . Meanwhile, nitroso compounds are mainly used to detect carbon radicals. Desirable characteristics of spin-trapping reagents include high solubility and stability in water, and the ability to interact with free radicals. Furthermore, high reactivity is required to observe the formation of free radicals, while low reactivity is needed to measure elimination activity. It is also desirable that the resulting spin adduct is stable for a relatively a long time and that the spectrum can be easily analyzed.
In our initial studies in 1985, we used DMPO, a high quality agent, as the spin-trapping agent [13] , and was supplied from domestic chemical companies. We found that early batches of DMPO imported from other countries had low purity and reacted with blood and living tissues, Moreover, carbon-based radicals derived from the reagent were observed. Since then, domestically produced DMPO has been widely used.
Since 1976, many researchers have used DMPO for in vitro studies of living cells, particularly neutrophils. Notably, DMPO is easy to handle for 'beginners', is relatively cheap and is a stable reagent. The main advantage of DMPO is that it is easy to analyze ESR spectra. However, DMPO is cytotoxic at high concentrations, limiting its use. Thus, other spin-trapping agents with low toxicity have been identified and can be used for in vitro studies of living cells and bacteria [14] [15] [16] [17] .
ESR spin-trapping methods have also been applied to measure SOD and SOD-like activities. The typical enzyme reactions for the generation of O2
•− are shown in Fig. 3 , and both reaction systems have been used to evaluate the superoxide scavenging activity of many natural products [13, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . These methods also can be applied for kinetic analyses [30, 31] . For example, the DMPO spin-trapping method has been used to determine the enzyme reaction velocity of xanthine oxidizing enzyme (XOD) and an NADPH oxidizing enzyme [18, 32] .
The production of HO • has been used to determine the velocity constant of the reaction between an iron ion with H2O2. Similarly, other studies have quantitatively analyzed the rate of HO
• generation from water exposed to ultrasonic irradiation [33] [34] [35] .
The ESR spin-trapping method can be applied to measure the superoxide scavenging ability and hydroxyl radical scavenging ability of anti-inflammatory agents, anti-oxidants and Chinese herbal medicines. Recently, we have demonstrated the production of a new ROS, HOOOH, through xanthine oxidase-and NADPH oxidase-mediated reactions between a O2
•− and HO • [36, 37] .
Application of ESR to Measure Nitrogen Oxide (NO)
NO is well established as a vasodilatory mediator; thus, accurate and reliable methods to measure NO levels are essential. As shown in Fig. 4 , NO is generated by NO synthase in vivo, with L-arginine as a substrate.
The use of ESR spectrometry to measure NO was first reported in 1993 [6] . As shown in Fig. 5 , a stable free radical, carboxyl-PTIO reacts with NO, and carboxyl-PTI is formed. The Griess, electrode and chemiluminescence Fig. 2 . Chemical structures of spin-trapping agents, and the reactions between the agents and a free radical to form spin adducts. Fig. 3 . Xanthine oxidase and NADPH oxidase: representative enzymes that contribute to the production of O2
•− in biological systems. methods, for example, are the most widely used conventional methods [38] [39] [40] [41] [42] . The PTIO method offers higher selectivity and higher sensitivity compared with these conventional methods. Before the introduction of the PTIO method, hemoglobin had been used as the spin-trapping agent [43] . This method used ESR to measure the quantity of NO-bound hemoglobin. However, this method is inconvenient because it cannot be conducted at room temperature or in a solution.
More recently, another method, as summarized in Fig. 6 , has been developed to measure NO using the reagents MGD [N-(dithiocarbamoyl)-N-methyl-D-glucamine, sodium salt] and DTCS [N-(dithiocarboxy)sarcosine, disodium salt, dehydrate], which possess an iron ion [44] . Unlike the NObound hemoglobin method, the MGD/DTCS method can be performed at room temperature and in an aqueous solution.
Advantages and Limitations of the ESR Spin-Trapping Method
Advantages of the ESR-spin-trapping method include the following. 1. Free radicals generated by chemical systems or biological systems can be detected and identified by observing the ESR spectrum of a spin adduct. 2. The characteristics (g-value, hfcc, a-value, alignment, line width, ΔW) of free radicals can be determined by analyzing the ESR spectrum of a spin adduct. 3. The ESR spectrum of a spin adduct can be used for quantitative analysis of free radicals by comparing the peak area with those obtained from stable radicals. 4. ESR spin-trapping can be used for kinetic analyses and determine the formation and elimination velocities of a free radical.
Limitations of the ESR spin-trapping method include the following. 1. If a free radical reacts immediately with a molecule other than the spin-trapping agent, the spin adduct will not be generated, and cannot be detected by ESR. 2. If a spin adduct is present with reducing agent, it may be neutralized. 3. If a spin adduct decomposes, a new spin adduct may be generated. 4 . If the hfcc is the only ESR parameter determined for a spin adduct, the electron distribution and the molecular structure of the free radical cannot be determined.
Evaluation of Oxidative Stress by ESR
In this paper, I have provided an overview of the development of ESR techniques and their application to the biomedical field. DMPO, a conventional spin trapping agent, has been used in many ROS studies. Furthermore, spintrapping agents with reduced cytotoxicity have also been developed. In addition to chemical and in vitro enzyme reaction systems, these reagents have been used to evaluate in vitro ROS production in living cells such as leukocytes. Nevertheless, questions remain on the biological role of SOD. For example, Sawyer questioned whether oxidative injury is actually caused by O2
•− , because the oxidative capacity of the O2
•− is lower than that of the HO • [45] . Therefore, it is unclear whether SOD is relevant to the maximum life span potential of humans, as is the case with anti-aging and anti-inflammation. Similarly, it has been demonstrated that the oxidative capacity of NO
• is lower than that of HO
• . It has been suggested that an active species other than ROS and NOS is present in biological systems [46] . In fact, we recently proposed HOOOH to be one such candidate molecule, as summarized in Fig. 7 [35] .
The speculation arose from chemiluminescence studies, and is similar to the phenomenon reported by Beckman and others, who investigated ozone chemiluminescence [46] . I further speculate that NO
• reacts with HOOOH to form HOOO
• and NO2. If HOOO
• is a more reactive oxygen species than HO
• , the anti-oxidative function of SOD can be determined. This will provide evidence for the ability of SOD, which changes a O2
•− to H2O2, to inhibit oxidative injury in humans. Fig. 8 shows the traditional concept for oxidative injury associated with SOD activity. Based on this concept, H2O2 is generated by SOD, resulting in an increase in HO
• .
HO
• + HOO
In addition, it has been proposed that SOD suppresses a reaction between O2
•− and NO, which generates highly reactive peroxynitrate. However, this hypothesis is theoretically contradicted because the reactivity of NO2 is lower than that of ROS.
We have focused on the existence of HOOO • , which might cause oxidative injury in vivo. Although the generation of HOOO
• in vivo has not yet been detected, there is strong evidence for the existence of HOOOH in vitro (Fig. 9 ) [47] . This new concept enables us to explain how SOD protects the body from oxidative injury by scavenging O2
•− and decreasing the amount of HOOO • , which might injure cells and tissues.
The introduction of ESR techniques has already provided significant advances in the understanding of ROS and RNS, but I expect further discoveries by researchers investigating free radicals in the life sciences.
Conclusions
In this paper, I have reviewed the historical and theoretical backgrounds of ESR technology and its application to free radical studies in the life sciences. In addition, the recent progress in this field was discussed. One of the major advances in this technology was the development of highquality spin-trapping agents that react with short-lived radicals and convert them to long-lived radicals called spin-adducts. This has made it possible to quantitatively and qualitatively analyze radicals in vitro. More recently, spin reagents with low cytotoxicity have been developed, allowing the investigation of radical formation at the cellular 
